After a peripheral injection of Technetium-99m, an Anger scintillation camera placed over the precordium of nine patients without and three patients with hemodynamic abnormalities was used to record in rapid sequence the flow of the injected material through the central circulatory system. After the data were processed as sequential frames of digitized spatial matrices, the position of various chambers or compartments was identified and dilution curves from six sites were obtained, providing a series of input-output relations through the central circulatory system, i.e., superior vena cava, right atrium, right ventricle, lung, left atrium, and left ventricle. These relations were assumed to be cascaded as a series of first order lag systems, with or without time delay, on an analog computer, which allowed estimation of the time constant of the transfer function of each chamber or compartment (volume/flow) by reducing the problem to a consecutive, one-parametric manipulation. Measurement of the flow rate through the series (cardiac output) permitted the volume of each chamber to be estimated. Results correlated well with mean values established by other methods.
T HE RECENT development of methods using scintillation cameras capable of recording sequential radioisotope images from the precordium has provided a means of visualization of both the anatomic and functional features of the heart and great vessels without the hazards of cardiac catheterization or rapid administration of a large volume of radiopaque dye into the circulation under high pressure, as necessitated by other methods. By use of this technic, scintiphotographic images produced by gamma-emitting radioisotopes can be recorded in rapid sequence as the isotope flows through the circulatory system. However, most applications of the camera to dynamic studies of the heart have been concerned only with the visual observation of the flow pattern of the isotope tracer1-3 or with the estimation of directly measured parameters, such as transit times.4 ' 5 What has been generally neglected is the ability of the scintillation camera to record simultaneously a series of input-output dilution processes representing the passage of the tracer through various segments of the central circulatory system. By means of an appropriate storage and playback system, distinct indicator-dilution curves of these dilution processes have been recorded from the vascular compartment of the superior vena cava, right atrium, right ventricle, lung field, left atrium, and left ventricle. These dilution curves can then be operated upon by consecutive parametric manipulation of an analog computer6 7 by which means those parameters related to volume and flow values of each vascular compartment are determined. Methods A Nuclear Chicago Pho-Gamma II scintillation camera was used for these measurements. The field of view of the scintillation camera is large enough to encompass the heart and the major portion of both lung fields. The patient was placed in the sitting position. The collimator of the camera faced at a left anterior oblique view, approximating the plane of the interventricular septum, and hopefully separating the right side of the heart chamber from the left and the left atrium from the descending aorta.
Technetium-99m, as sodium pertechnetate, was used throughout this investigation. Approximately 5 mCi of 99mTc-pertechnetate in about 3 cc was inijected into a right antecubital vein, followed by 10 cc of saline flush solution. Gamma rays from the injected isotope strike the crystal, are converted to electronic signals, and are accumu-lated by an RIDL 1600 channiel analyzer as a digitized 40 by 40 matrix in a pattern corresponding to the isotope location within the body. The diameter of the collimator is 10.5 inches, so that each element of the 40 by 40 matrix can be represented spatially as a square with sides approximately one-quarter inch in length.
As the isotope bolus flowed through the heart and great vessels, the rapidly chaniging sequence of images was recorded at 0.60-sec intervals, and was transferred to anl Ampex TM-7291 digital tape recorder for processing by an IBM 360/40 digital computer. With respect to the 0.60-see interval, the numerical data were collected during the first 0.36 see, and the subsequent 0.24 see was required for transfer of the data from the 1600 channel analyzer to the magnetic tape. Data were then printed out for digital computer processing in the form of 40 by 40 elements for each frame sequentially. Regions of interest were identified on these printouts by spatial and temporal analysis. The essential elements of the data retrieval system described are shown diagrammatically in figure 1. In order that dilution curves that are derived from one chamber alone and, thus, represent a single concentration curve may be obtain-ed from the sequenitial printouts, it is desirable to select the region of interest from that part of the compartment that does not superimpose on any other chamber. If this is not possible, it is desirable then to select a region where the Computiter printout wvith conitouir lines shiowing areas of increased couinting rate and shaded areas rep)esetiting the regions of mraximuim counting rate which are flagged for derivation of diluition curves fronm specific compartmients. When regions superimpose, as with the right atriuirmt (RA) and right ventricle (RV) in this example, it s desirable to select areas most wvidely separated in space and time. In this case, selection was made of the region of olutflow of the right ventricle to the puilmonarl artery for best separation of RV from RA. superposition of coun-ting rate is most widely separated in time so that contamination from each compartment can be more easily identified and separated. For utilization of the camera for a dynamic process, both spatial anid temporal superpositioni thtis must be conisidered, ancd idenitification of specific compartments must be attempted by obtainiing optimal resolution in both domains. Ani example of the selection of regions of initerest from the matrix printouts is showin in
After the identification of the best resolved region of interest, time-activity curves from the sequential matrices are read out from areas representing the superior vena cava, right atrium, right ventricle, lung field, left atrium, and left venitricle. These cuirves are read out in the form of an incremental hiistogram, as illustrated in figure Circulation, Volune XLIV, July 1971 1. These dilution curves represent the raw data that are to be anialyzed by the anialog computer fitting analysis, as shown in figure 3 . Each compartmental uniit may be represented as ain input-output relationship, and may thus be used to conlstruct an analog computer model, expressed simply in terms of the Laplace transform and transfer function. By searching iteratively for the optimal parameters, TI or T1, for the closest fit of the model curve to the data curve, the property of each compartment can be determinied in tei-irms of flow/volume (Ti) or transport delay (iri) oIn the computer controls. This fitting procedure is performed step by step in the order of the course of the tracer by caseadin-g the determinied otutptit onito the niext compiartmen-t as ani inlpult.
When adjusted for best fit, the comptuter par.ameters yield the time constanits, T { for superior vena cava, TRA for right atrium, TRV for right ventricle, TL for the mixing part of lung, TLA for left atrium, and TLV for left ventricle, and rp for the time delay part of the lung. If the cardiac output or flow rate, F, is determined, the distribution volume, V,, defined for each mixing chamber can be expressed as:
Since the lung has a delay component, rp, the pulmonary blood volume, PBV, can be expressed as:
If a dilution curve is contaminated by a dilution curve from another compartment (as is usually the case for the curve for the left atrium, which is frequently obscured by activity from the outflow tract of the right ventricle), the analog fitting analysis requires that a single compartment curve be derived by subtraction of the undesired component from the composite curve. The theoretical foundation of the above analysis is discussed in the Appendix.
The analog computer used is the EAI-TR 20, with an x-y recorder; a square wave pulse generator is used to simulate the injection input. For calculation of the volume of a compartment from the time constant value, F/V, read from the computer settings, and the cardiac output, F, should be known. In these measurements, the determination of cardiac output was obtained by a standard method using RISA-131 by external single probe monitoring8 immediately preceding the injection of Technetium-99m.
An illustrated example of curves derived from the regions of interest selected from the sequential printout of each frame is shown in figure 4 . The simulated curve is the dotted line superimposed over the recorded histogram. As a first step, the exponentially extrapolated area under each dilution curve was measured by a planimeter. This area ratio was set on the computer control as Results of analog simtulationi of curves derived from regions designated in Figure 2 . Dashed lines represent the simulated analog curves. Sequential procedure of fitting yields potentiometer reading from the computer as 1IT and a values. the geometric factor, ai, before the fitting procedure was started. The output from the computer for each dilution process was fit to the recorded dilution curve by iterative adjustment of the Ti values on the comnputer control in the order of the course by tracer bolus through the circulatory system. In the illustrated example, the injection input was approximated by a rectangular wave input with a time duration of 0.7 sec. Following this input, the time constant of each chamber was selected sequentially in this order. There is a time delay between right ventricle and lung, and lung and left atrium, which in this example amounts to 4.0 sec. For each fitting step for selection of Ti values, two or more iterations were required. On the average, all of these procedures required about 15 min for completion. The first nine patients were randomly selected from a group with no evidence of hemodynamic abnormalities by clinical examination. The subse-Circulation, Volume XLIV, July 1971 quent three patients have hemodynamic abnormalities, two with mitral regurgitation and one with congestive heart failure due to ischemic heart disease with ventricular aneurysm, as determined by clinical examination.
Results
The volume of each heart chamber of a series of vascular segments in the central circulatory system was calculated according to equation 1, and pulmonary blood volume was calculated according to equation 2, after determination of the chamber parameter by analog computer fitting analysis. Table 1 shows the values for the volumes of each compartment for the nine patients without and the three patients with hemodynamic abnormalities. In two cases of mitral regurgi-0 10 LUNG 0 10 Abbreviations: CI = cardiac index; SVC = superior vena cava; RA = right atrium; RVright ventricle; PBVpulmonary blood volume; LA = left atrium; LV = left ventricle; IHD = ischemic heart disease; CHF = congestive heart failure; MI = mitral insufficiency; MS = mitral stenosis. tation the mixing volumes of the LA are abnormally large, indicating a longer residence of tracer within the mixing part of the LA, which possibly includes some of the mixing part of the venous side of the pulmonary vessels. Though it was not possible to estimate separately the volumes of the LA and LV of the patient with left ventricular aneurysm (patient 10), the total estimated volume of both chambers combined was large. This patient died of ventricular aneurysm a week after operation, and it was possible to compare his heart volume at autopsy with calculated values. The volume of each of the four chambers was estimated by insertion of pliable modeling clay into the cavities and measurement of the mass by displacement. The volume at autopsy of the RA was 160 ml (compared to 208 ml calculated), RV was 160 ml (compared to 168 ml), and LA was 140 ml and LV was 160 ml, totaling 300 ml (compared to 473 ml). Considering the left ventricle aneurysm at the time of the isotope study, these comparisons are reasonably well correlated. The body surface area of this patient was 1.88 M2; these volumes, corrected for body surface area, are shown in table 1.
Discussion
In general, the calculated volumes reported here revealed reasonable volume size as compared to anatomical volumes derived from previous determinations by other methods.
Reliable pulmonary blood volumes (PBV) have been reported by sampling of a single dilution curve from the left atrium after injection of dye indicator into the pulmonary artery. Using this method, Levinson et al. 9 obtained a value of 311 ml/m2 for normal average PBV. This compares well with the value of 304 ml/m2 of the present study.
According to the thermodilution method, Rapaport et al. 10 reported an average normal ventricular end-diastolic volume (EDV) of the RV of 103 ml/m2, while the average we found was 88 ml/m2. A normal left EDV by the same method was found to be 99 ml/m2 by Bristow et There is some criticism of the thermodilution data by Kennedy et al. 13 They state that uneven mixing of indicators injected into the ventricle results in falsely high values for the calculated EDV in comparison with their results by quantitative angiocardiography. We believe we have avoided such an uneven Circulation, Volume XLIV, July 1971 mixing due to direct indicator introduction, and, therefore, our data correlate well with their mean left EDV value of 70 ml/rm2. Although there are few reliable data concerning the atrial volume, the mean LA value by the same angiocardiographic estimation was found to be 63 ml/m2 by Murray et al.14 and 35 ml/m2 by Sauter et al.,15 while ours was 88 ml/m2. The plausible reason for this somewhat greater difference is that our atrial volume in terms of mixing volume probably includes the volume of the inflowing great vessels of the pulmonary veins. However, since there are no definite anatomical boundaries between the atrium and the pulmonary veins, it might be impossible to define the functional boundary separately. Although there are no comparable data by other methods, the same point can be made concerning the RA volume.
It must be kept in mind, however, that with the method used at present for determination of the dilution curves, our ventricular data calculations approximate the EDV, but are not really identical to it. If the dilution curves were measured by sampling data synchronized with heart pumping action the correlation would be expected to be closer. In addition, cardiac output was determined separately for these measurements. The use of albumin tagged with Technetium-99m would eliminate the necessity for a separate determination and would also extend the present method to volume measurements under conditions of shunt flow, wherein the flow through the entire system is not necessarily a constant and the quantitative rate of shunt flow or regurgitant flow could also be determined at the same time. This procedure would have been desirable for patients 11 and 12 if this material had been available. The present analysis assumes that a perfusing flow through the entire system is common, whereby volume, V, of each compartment can be derived from the time constant value, T = V/F, by multiplication by the common flow rate, F. The availability of the tagged albumin tracer would enable us to estimate the flow rate, F, independently for each compartment, where-Circulation, Volume XLIV, July 1971 by the value for the volume of each compartment can pertinently be calculated from its own flow rate whenever the flow rate is different from compartment to compartment (such as with shunt flow or regurgitant flow).
Since the isotope dilution data of the present method are necessarily liable to be contaminated by dilution data of other regions because of the limitation of the resolution ability, extensive analysis in terms of sophisticated mathematics does not seem to be justified. Our approach to the analysis is concerned primarily with finding a practical interpretation for clinical studies and not with the simulation refinement needed for a model of the circulatory system. Our model for the central circulatory system is considered to be a series of first order lag approximations with a time delay part through the lung, and this approximation allows cascading of elements of the analog computer as a successive one-parametric selection process. This simplification of the manipulation turns out to be, indeed, a practical convenience, especially in making the iterative fitting by visual observation for data for contaminated dilution. According to our model experiment,7 the values obtained by such a series of fitting procedures fall predominantly within a ±10% agreement.
The primary contribution of the present study is the demonstration that the scintillation camera can provide data for a complete functional description of the central circulatory system so that input-output relations can be established for each compartment. We realized that at this point the work must be considered preliminary. Further investigations should include a comparison of this method with other technics of chamber volume measurement as well as extension of the analog model to more complex configurations involving shunt flow.
Refinement of the present approach should lead, undoubtedly, to the most comprehensive innocuous tool for clinical evaluation of circulatory function, since this method has the potentiality to provide a complete description of flow as well as volume simultaneously for any desired compartment of the circulatory system. So far this analysis has been applied only to the heart. It is expected that a similar approach will be made to other organs, such as kidney and brain. system is here assumed to be stationary and linear.
When a radioactive tracer bolus is introduced into the input of this system, the dilution processes of each vascular compartment may be obtained by identification of each compartment or region by its spatial and temporal location in the scintillation camera field.
It is further assumed that the traveling distribution of the injected isotope is identical with that of the normal constituents of blood flow, and that the concentration, xj ( t), of the isotope is homogeneous within the itli vascular compartment in the system. The total amount of isotope in the compartment at the time t is simply expressed as the difference between the input flowing into the compartment up to the time t and the output that leaves the compartment until the time t.
Thus:
where V, is the volume of distribution in the iti" vascular compartment and F is the flow perfusing the sytem. The term xi 1(t) is the concentration of the preceding vascular compartment that feeds the input to the ith compartment and has the same characteristics of distribution as the ith compartment. In situations where there is a transport delay, rj, without any significant dispersion of the tracer between these compartments, i-lth and ith, equation 3 can be rewritten as:
Differentiation of both sides of equation 4 and rearrangement gives the expression:
This is a familiar first order differential equation 
The mathematical expression within the bracket of the right hand side of the equation is the transfer function of the ith compartment, which determines what output, Xi(s), would be obtained for any given input, Xi l(s). Here, the system properties of the itli compartment are defined by the transfer function, which is characterized by the parameters Ti or ri.
Thus, we are given the input, system law, and the output, and we can derive the system parameters Ti or ri for each compartment. From these parameters, the physical properties, such as chamber volume, V, can be obtained. Each fitting analysis has been simplified as a oneparametric manipulation by the analog computer, provided that the gain-factor, a, is known. It has been shown6. 7 that the ratio of the area under the dilution curves from each compartment is proportional to the ratio of each corresponding geometric relation. This relationship, called effective volume by others,1l allows the data from each compartment to be treated in terms of the same unit of concentration, xi(t). The term ai is the geometric factor ( fig. 2) and is assigned to each block of the analog computer as the gain factor. On analog fitting analysis, the geomietric factor is set for each block on the computer control from the relationship of the area ratios of the data curves. Then the fitting procedures as described ini Methods are started consecutively, following initiation of the injection input as a squiare wave approximiiation.
As previously stated, the validity of this approacli, the application of the tr-ansfer ftunictioin to tlhe enitral circutlatory system in ordeer that flow or xolumiiie initilt CircIuationi. IV'ol/umic XLIT', lui 159)1 be calculated by the indicator-dilution method, is dependent upon the assumption that the system is linear and stationary. The linearity of the system has experimentally been substantiated by other investigators for the circulatory system through the lungs and heart of the dog. 17 The possible violation of the stationarity by cardiac fluctuation in flow has been demonstrated to produce relatively little error. 18 Since the variations due to cardiac cycle are of relativelv high frequency, the effect would be similar to the introduction of small amplitude high frequency noise into the system.
The scintillation camera differs from the usual arterial sampling device in that it can collect the sampling data directly from the region of interest. Then, if each frame of the camera data were triggered by the ECG to gate the synchronized sampling data with the cardiac cycle, as has been attempted by other investigators,1 no assumptive approximation of stationarity neglecting cardiac fluctuation would be required. Thus, the derived time constant value in the ventricle, for example, would exactly represent the ratio of stroke volume and end-diastolic volume in our data.
In spite of the recent criticism,19 there is good evidence that a ventricle can be approximated as a complete mixing chamber.20 It is uncertain, however, what kind of transfer function best represents the distribution process in the atria or lung vasculature. Recently, the lung vascular system has been considered to be a parallel pathway system.21 If so, we will need a number of elemental dilution processes passing through the lung in parallel fashion to determine quantitatively their regional pattern of gain and dispersion characteristics, which might merit the next step in our future refinements. At present, though it might be considered simple, our assumed model has been fit well to actual data and appears to be well within the range of clinical usefulness. Since any transfer function model that produces a correct result is a suitable model, it becomes appropriate to use one that is easily handled.
